The adsorption-desorption equilibrium of sublimed molecules has been analyzed dynamically by optical waveguide (OWG) spectroscopy. Dynamic change of the transition moment during adsorption behavior was successfully detected using polarized incident light. With this technique, sublimed planer aromatic molecules, such as azobenzene, were revealed to stack parallel to the solid surface at the initial stage followed by adsorption with relatively random orientation.
Introduction
Visible absorption spectroscopy is a typical and easy way to analyze the electronic state of molecules. 1 The visible absorption spectrum is generally observed by a transmission method. 2 Since the transmission spectrum indicates an average spectrum of the molecules in a cuvette, it is difficult to investigate the spectrum of molecules only on the surface. Information only on the surface in the detected transmission spectrum was quite small, and it was difficult to eliminate this information on the molecules in the bulk. It is theoretically possible to use this technique for a cuvette containing only adsorbed molecules on the cell surface, but the absolute absorption is too small to detect. Sensitive and selectable UV-vis spectrum measurements at only the surface are desired, due to the importance of understanding the surface behavior of molecules during catalytic reactions, photo reactions in the device, and so on. 3, 4 Optical waveguide (OWG) spectrometry is a method that uses evanescent waves generated at the total reflection of incident light at the waveguide surface. [5] [6] [7] [8] [9] [10] [11] The penetration depth of the evanescent waves is almost the same as the wavelength of the light used. Since the evanescent wave exponentially decreases from the interface, this technique detects the electronic state of molecules only at the surface.
This method is suitable to selectively detect the electronic state of molecules at both the surface and interface. Similarly, we can improve this technique to obtain the dynamic change of the UV-vis spectrum of molecules at the surface and the interface with time. This method had already been utilized for the dynamic and highly sensitive analysis of monolayers as well as Langmuir-Blodgett (LB) membranes. 12, 13 Particularly, it became possible to analyze membrane layer-by-layer with selective sensitivity. 13 It was also reported that a redox reaction on the electrode surface can be detected dynamically, while not being affected by diffusion. 14, 15 We have proposed a non-contact OWG spectroscopy as a powerful technique to analyze molecules on various surfaces, even opaque substrates. 13 Moreover, OWG spectrometry is expected to be simultaneously collaborated with fluorescence spectra.
Recently, OWG spectroscopy was reported to conveniently obtain spectra of microcrystals without any pretreatment that would dilute a crystal with non-absorption inorganic powders, which involves the measurement of organic crystals instead of the diffuse reflectance method. 17, 18 OWG spectroscopy can trace any change of the transition moment of interface molecules depending on time of using polarization for incident light. 19 In general, two types of polarized light have been used, namely, a transverse magnetic mode (TM) and a transverse electric mode (TE) having perpendicular and parallel amplitudes to the waveguide, respectively. It is known that the component molecules can be excited by polarized incident light parallel to the transition moment of the molecules. We can therefore get information about the molecular orientation by comparing the spectrum measured by each polarized light beam. Typically, Fujita et al. have reported the results on the dynamic analysis of dye molecules in a solution during association and orientation during the adsorbing process being analyzed by the polarized optical waveguide (POW) spectroscopy technique. 20 Eguchi et al. also reported on porphyrin adsorption onto a clay surface. 21 Mendes et al. determined the angular orientation of molecule in molecular assembled multilayer films beside on the observed ratio of TE and TM absorption. This is based on a theory that takes into account anisotropic of films. 22 In this study, we have focused on the sublimed molecular behavior. 23 We have measured the dynamic process of the sublimed molecules adsorbing onto a quartz waveguide surface using the OWG spectroscopy. The adsorption behavior of sublimed azobenzene and other planer molecules has been analyzed by POW spectroscopy. We have discussed the change in the molecular orientation based on the difference between the results obtained with two different polarized incident light beams.
Experimental
Naphthalene, 2-naphthol, 2,6-dimethyl naphthalene (Wako Pure Chem. Co.) and azobenzene (Kanto Chem. Co.) were used as samples without further purification. The sublime behavior of these aromatic molecules had been reported based on optical waveguide spectroscopy at room temperature and atmospheric pressure. 23 Optical waveguide (OWG) spectra were detected with an OWG spectrophotometer SIS-5000 (System-Instruments Co.) with a xenon 150 W light source (Hamamatsu Photonics). To optically analyze only the sublimed molecules, we used an air cell (length, 50 mm; width, 10 mm; and height, 20 mm) on the waveguide, as shown in Fig. 1 . The air cell possessed a sample holder over the waveguide to enable successive measurements without putting the sample directly on the waveguide. The air cell was kept at room temperature (about 293 K). The OWG spectral data were recorded at 10 min intervals for adsorption. A quartz plate (Shin-Etsu Quartz products, 65 × 20 mm with thickness of 200 μm, refractive index, 1.46) was used as an optical waveguide. Both-ends of the waveguide were cut and polished to optical quality. The incident angle was 52 degrees normal to the waveguide surface. The incident light was polarized by a Glan-Taylor polarizing prism that was placed in front of the optical waveguide.
Results and Discussion
The transmission of gaseous molecules was obtained with the OWG spectrometer. The optical fibers were pointed at the air cell, as also shown in Fig. 1 (with optical fiber (a) ). The transmission spectrum for gaseous azobenzene shows the maximum absorption wavelength (λmax) at 300 nm. On the other hand, the OWG spectrum of azobenzene in the air cell shows that at 320 nm. This red shift indicated a lower energy state of the adsorbed azobenzene than that of the gaseous state, attributed to the interaction between azobenzene and the quartz waveguide. This red shift was accordingly proof that the observed OWG spectra were attributed to only the adsorbed azobenzene on the quartz surface.
Next, the adsorption behavior of sublimed molecules was analyzed dynamically using POW spectroscopy. TE and TM absorption spectra were recorded every 10 min. An increase in the absorbance at 320 nm was observed in both TE and TM measurements, as shown in Fig. 2 . However, the increment of their absorbance was different only at the beginning. At the initial stage, a steep increase in the TE absorption was found. This strongly suggests the adsorption of azobenzene molecules while keeping their transition moment parallel to the TE polarized plane, i.e., the surface plane of the waveguide. This prior adsorption was found only at the initial stage, and the following random adsorption seemed to occur regardless of the direction of the transition moment. The relative intensity of the TE absorbance was greater than that of TM after reaching equilibrium. This difference was attributed to the different adsorption manner at the initial stage.
There were no significant differences in the adsorption behavior of other aromatic molecules, such as naphthalene, 2-naphthol, and 2,6-dimethyl naphthalene (Fig. 3) . Regardless of the structure of the substituent groups examined in the present study, the absorption proceeded with two steps, in the same way as in the case of azobenzene. At the initial state, TE absorption increased more rapidly than that of the TM absorption. After that, both the TE and TM absorptions reached plateaus. POW spectroscopy has been confirmed to be useful to analyze cases where the sublimed planar aromatic molecules adsorb with the long axis of the transition moment parallel to the waveguide surface in early stages.
The well-known Brunauer, Emmett, and Teller (BET) adsorption manner 24 has a characteristic that is attributed to molecular adsorption from the air to the surface during the initial stages. The BET adsorption distinguishes the initial adsorption by the interaction of molecules and substrate surface from ensuing adsorption based on associative interaction between the molecule and the molecule. Generally, the process of molecular adsorption from air to a solid surface is observed by measuring the adsorption-desorption accurately with a thermal conductive detector (TCD). 25 A steep change of the differentiation TE plot can be observed in Fig. 2 before the inflection point. However, after this point, it became a gradual change, like that observed in the TM plot. The change of the TE absorbance indicates the possibility that was measured the BET adsorption process including molecular orientation by spectrometry. As mentioned above, it is important to understand the physical property on the mono-layer membrane-forming process for the molecular device. This is because, the molecular orientation has been understood to seriously affect the performance of the molecular device. The polarized optical waveguide method mentioned here should be a convenient and accurate technique to evaluate layered and mono-layer membranes on the solid surface.
Conclusions
The present study revealed that the OWG spectrum of sublimed molecules can be confirmed to be attributed to the adsorbed molecules on a quartz surface in adsorption-desorption equilibrium. The adsorption process was directly investigated by in-situ POW spectroscopy. Planar molecules underwent parallel adsorption to the TE polarized plane at the initial stage followed by random adsorption. The present method has been concluded to involve effective tools to analyze the adsorption behavior of molecules from the gaseous phase. 
